Abstract: This paper reports a CMOS MEMS (complementary metal oxide semiconductor micro electromechanical system) piezoresistive humidity sensor fabricated by a surface micromachining process. Both pre-CMOS and post-CMOS technologies were used to fabricate the piezoresistive humidity sensor. Compared with a bulk micromachined humidity sensor, the machining precision and the sizes of the surface micromachined humidity sensor were both improved. The package and test systems of the sensor were designed. According to the test results, the sensitivity of the sensor was 7 mV/%RH (relative humidity) and the linearity of the sensor was 1.9% at 20˝C. Both the sensitivity and linearity were not sensitive to the temperature but the curve of the output voltage shifted with the temperature. The hysteresis of the humidity sensor decreased from 3.2% RH to 1.9% RH as the temperature increased from 10 to 40˝C. The recovery time of the sensor was 85 s at room temperature (25˝C).
Introduction
Electrical humidity sensors date back to the first electrolytic humidity sensor reported in 1938 [1] . Nowadays, humidity sensors have been widely used in many kinds of electrical systems such as industrial monitoring systems, agricultural monitoring systems, weather systems, medical equipment, household appliances, and so on [2] [3] [4] . Owing to the development of micromachining technology, both the sizes and the performances of the sensors were improved while the costs become much lower [5] .
Today the most popular commercial humidity sensors are resistive humidity sensors and capacitive humidity sensors. Although the resistive humidity sensors are easily fabricated and the readout circuits are simple, the drawbacks of long recovery time and low stability limit their applications [2, 3] . The capacitive humidity sensors offer several advantages such as low power consumption, wide temperature range, and long-term stability, but the readout circuits may be complex for high precision applications [6, 7] .
In both resistive humidity sensors and capacitive humidity sensors, the performances of a sensor are directly affected by the electrical characteristics of a sensitive material. This usually leads to a nonlinear property of the sensor at low relative humidity (typically for a resistive sensor [2, 8] ) or high relative humidity (typically for a capacitive humidity [9, 10] ). To solve this problem, we can separate the sensitive material into a humidity-sensitive material and a mechanical-sensitive material, which promote the study of a piezoresistive humidity sensor. Figure 1 depicts the operation principle of a piezoresistive humidity sensor. The sensor utilizes the expansion of the humidity-sensitive material due to the uptake of water molecules. The expansion leads to a stress change in the structure and the piezoresistor (a mechanical sensitive element) transforms the stress change into an electrical signal. The piezoresistive humidity sensors have the advantages of high linearity, long-term stability, and simple readout circuit. The major problem of the piezoresistive humidity sensor is the temperature drift, but it can be compensated by a circuit.
Micromachines 2015, 6, page-page 2 have the advantages of high linearity, long-term stability, and simple readout circuit. The major problem of the piezoresistive humidity sensor is the temperature drift, but it can be compensated by a circuit. Usually, a bulk micromachining process was used to fabricate a piezoresistive humidity sensor [11] [12] [13] [14] . However, the machining precision was always limited by the bulk wet etching process and some chip area was wasted because of a large pattern on the backside of the wafer [15] . Alternatively, the bulk wet etching process can be replaced by a deep reactive ion etching process, but a dual side fabrication process always leads to additional machining errors. To solve these problems, a surface machined microcantilever piezoresistive humidity sensor was developed in this paper. The fabrication process of the sensor was CMOS compatible. Both pre-CMOS machining and post-CMOS machining were carried out to fabricate the sensitive structure. Additionally, single-crystal silicon was used as the mechanical-sensitive material (piezoresistive material) so that both good mechanical and electrical properties were achieved. Figure 2 illustrates the fabrication process of the microcantilever piezoresistive humidity sensor. Fabrication started with an N type (100) wafer. Before the CMOS process, a two-step etching process was performed as shown in Figure 2a . First, an array of grooves was fabricated by anisotropic dry etching. Next, a cavity was fabricated by isotropic dry etching below the grooves. Then the cavity was sealed by an epitaxial growth process as shown in Figure 2b . As follows, a typical CMOS process was used to form piezoresistors, dielectric and metal wires, as shown in Figure 2c . In the CMOS process, ion-implanted p-type resistors with a sheet resistance of 400 Ω/sq and a junction depth of 1 μm were fabricated as the piezoresistors. The resistance of each piezoresistor was 3.2 kΩ. After the CMOS process, a polyimide layer was spun on the wafer with a speed of 3000 rad/min and patterned to form the humidity-sensitive material. The polyimide was cured in a nitrogen atmosphere with a three-step heating process (150 °C for 1 h, 250 °C for 1 h and 300 °C for 1 h; the heating rate was 4 °C/min from room temperature to 150 °C, 3 °C/min from 150 to 250 °C and 1.6 °C/min from 250 to 300 °C, respectively). Lastly, an anisotropic dry etching process was used to release the microcantilevers (Figure 2d ). Table 1 shows some details of the materials and fabrication process. Figure 3 shows the SEM (scanning electron microscope) image of the microcantilever piezoresistive humidity sensor. As shown in Figure 3a , four cantilevers were fabricated in the sensor. The piezoresistors located near the fix end of the cantilevers were connected as a Usually, a bulk micromachining process was used to fabricate a piezoresistive humidity sensor [11] [12] [13] [14] . However, the machining precision was always limited by the bulk wet etching process and some chip area was wasted because of a large pattern on the backside of the wafer [15] . Alternatively, the bulk wet etching process can be replaced by a deep reactive ion etching process, but a dual side fabrication process always leads to additional machining errors. To solve these problems, a surface machined microcantilever piezoresistive humidity sensor was developed in this paper. The fabrication process of the sensor was CMOS compatible. Both pre-CMOS machining and post-CMOS machining were carried out to fabricate the sensitive structure. Additionally, single-crystal silicon was used as the mechanical-sensitive material (piezoresistive material) so that both good mechanical and electrical properties were achieved. Figure 2 illustrates the fabrication process of the microcantilever piezoresistive humidity sensor. Fabrication started with an N type (100) wafer. Before the CMOS process, a two-step etching process was performed as shown in Figure 2a . First, an array of grooves was fabricated by anisotropic dry etching. Next, a cavity was fabricated by isotropic dry etching below the grooves. Then the cavity was sealed by an epitaxial growth process as shown in Figure 2b . As follows, a typical CMOS process was used to form piezoresistors, dielectric and metal wires, as shown in Figure 2c . In the CMOS process, ion-implanted p-type resistors with a sheet resistance of 400 Ω/sq and a junction depth of 1 µm were fabricated as the piezoresistors. The resistance of each piezoresistor was 3.2 kΩ. After the CMOS process, a polyimide layer was spun on the wafer with a speed of 3000 rad/min and patterned to form the humidity-sensitive material. The polyimide was cured in a nitrogen atmosphere with a three-step heating process (150˝C for 1 h, 250˝C for 1 h and 300˝C for 1 h; the heating rate was 4˝C/min from room temperature to 150˝C, 3˝C/min from 150 to 250˝C and 1.6˝C/min from 250 to 300˝C, respectively). Lastly, an anisotropic dry etching process was used to release the microcantilevers (Figure 2d ). Table 1 shows some details of the materials and fabrication process. Figure 3 shows the SEM (scanning electron microscope) image of the microcantilever piezoresistive humidity sensor. As shown in Figure 3a , four cantilevers were fabricated in the sensor. The piezoresistors located near the fix end of the cantilevers were connected as a Wheatstone bridge. The size of the cantilevers was 400 µm wide by 100 µm long. There are two advantages to fabricating such short cantilevers: First, the sensitivity of the sensor was increased with the stress optimization [16] ; Second, the reliability was improved with a robust structure.
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Micromachines 2015, 6, page-page 3 Wheatstone bridge. The size of the cantilevers was 400 μm wide by 100 μm long. There are two advantages to fabricating such short cantilevers: First, the sensitivity of the sensor was increased with the stress optimization [16] ; Second, the reliability was improved with a robust structure. Figure 3b shows the details of the cantilevers. It can be seen that a network of ripples distributed on the cantilever. The ripples resulted from the grooves fabricated at the first step, as shown in Figure 2a . In this paper, the depth of the grooves was 5 μm and the thickness of the epitaxial layer Wheatstone bridge. The size of the cantilevers was 400 μm wide by 100 μm long. There are two advantages to fabricating such short cantilevers: First, the sensitivity of the sensor was increased with the stress optimization [16] ; Second, the reliability was improved with a robust structure. Figure 3b shows the details of the cantilevers. It can be seen that a network of ripples distributed on the cantilever. The ripples resulted from the grooves fabricated at the first step, as shown in Figure 2a . In this paper, the depth of the grooves was 5 μm and the thickness of the epitaxial layer Figure 3b shows the details of the cantilevers. It can be seen that a network of ripples distributed on the cantilever. The ripples resulted from the grooves fabricated at the first step, as shown in Figure 2a . In this paper, the depth of the grooves was 5 µm and the thickness of the epitaxial layer was 8 µm so that the average thickness of the silicon layer in the cantilevers was about 10.5 µm. Although uniform grooves were used in the paper, the shapes and distributions of the grooves can be designed to achieve a stress concentrated structure in the future. Figure 4 depicts the package of the humidity sensor. As shown in Figure 4a , an FR4 board (a kind of printed circuit board) was used as the substrate of the package. The humidity sensor was fixed on the FR4 board, wire-bonded, and covered with two shells. A hydrophobic porous polytetrafluoroethylene (PTFE) membrane with good humidity penetration was sandwiched between the two shells to protect the sensor from contamination of dust and other chemicals. Some vent holes were designed on both shells to guarantee the humidity exchange between the sensitive material and the outside atmosphere through the PTFE membrane. A photograph of the packaged humidity sensor is shown in Figure 4b .
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Results and Discussion
To characterize the microcantilever piezoresistive humidity sensor, both static and transient responses were tested. A typical Wheatstone bridge circuit was developed to transform the change of the piezoresistance into an output voltage. In the circuit, the bridge excitation current is 0.6 mA and the output voltage was amplified 100 times by an amplifier module.
Static Responses of Humidity Sensor
The static responses of the micorcantilever piezoresistive humidity sensor were tested by the system descripted in Figure 5 . A dual-pressure humidity generator was used to provide a stable humidity atmosphere at a fixed temperature. The packaged humidity sensor was put into the test chamber of the dual-pressure humidity generator and connected to the Wheatstone bridge readout circuit. The humidity and the temperature in the test chamber were controlled by a computer and the output voltage data were recorded by the computer as well. 
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The static responses of the micorcantilever piezoresistive humidity sensor were tested by the system descripted in Figure 5 . A dual-pressure humidity generator was used to provide a stable humidity atmosphere at a fixed temperature. The packaged humidity sensor was put into the test chamber of the dual-pressure humidity generator and connected to the Wheatstone bridge readout circuit. The humidity and the temperature in the test chamber were controlled by a computer and the output voltage data were recorded by the computer as well. Figure 6 shows the relationship between the output voltage of the microcantilever piezoresistive humidity sensor and the relative humidity. The humidity sensor was tested at 20%, 40%, 60% and 80% relative humidity when the temperature was controlled at 10, 20, 30 and 40˝C. Both the adsorption and desorption processes were carried out. According to the test results, the output voltage changed monotonically with the relative humidity and the sensitivity of the humidity sensor decreased slightly with the relative humidity. Both the sensitivity and the linearity of the humidity sensor changed little with the temperature. At 20˝C, the sensitivity of the sensor was 7 mV/%RH and the linearity of the sensor was 1.9%. The hysteresis property of the humidity sensor was improved by a higher temperature because the diffusion of the water vapor was promoted. Although the sensitivity of the humidity sensor was barely affected by the temperature, the curves of the output voltage shifted with the temperature due to both the thermal stresses in the composite beam and the leakage current across the piezoresistor-substrate p-n junction. The leakage current across the p-n junction is defined as the reverse current which contributes to the thermal drift of the bridge offset voltage as well [17] . As in all kinds of piezoresistive sensors, the thermal drift is a major problem of the microcantilever piezoresistive humidity sensor. A temperature sensor (for instance, a thermal resistor) fabricated near the humidity sensor and a circuit should be used to compensate for the thermal drift. According to the characteristics of the curves as shown in Figure 6 , the thermal drift can be simply compensated by an offset voltage which is determined by the temperature sensor.
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Transient Response of Humidity Sensor
To test the transient response of the microcantilever piezoresistive humidity sensor, equipment was developed as shown in Figure 7 . There were two chambers in the equipment: the upper chamber was connected to the outside atmosphere via several vent holes; the lower chamber was sealed where the atmosphere of the humidity was produced by a saturated salt solution. First, the humidity sensor was sealed in the lower chamber. The test data of the sensor were read out by an LCD (liquid crystal display). After the output stable state was obtained, the sensor was quickly pulled up by a spring and a humidity step was achieved. In this process, the output data of the sensor were recorded by a computer and used to evaluate the transient property of the sensor later. It is well known that a desorption process is always slower than an adsorption process. To evaluate the transient property of the sensor, a step response experiment was carried out for a desorption process. In the experiment, a K2SO4 saturated salt solution was used to provide 97% relative humidity in the lower chamber and the humidity outside was 67% RH, so the humidity step was from 97% RH to 67% RH.
The recovery time is an important parameter of the humidity sensor. It is defined as the time for the output to reach 90% of its final value as the humidity step drops. As shown in Figure 8 , the recovery time of the microcantilever piezoresistive humidity sensor was 85 s at room temperature (25 °C). In Figure 8 , there were some fluctuations in the curve. The fluctuations may have resulted from the shock of the sensor in the pull-up process. To improve the transient property of the sensor, a thinner humidity-sensitive layer could be applied, but the sensitivity of the sensor will be degraded at the same time, so a tradeoff between the time constant and the sensitivity is needed. It is well known that a desorption process is always slower than an adsorption process. To evaluate the transient property of the sensor, a step response experiment was carried out for a desorption process. In the experiment, a K 2 SO 4 saturated salt solution was used to provide 97% relative humidity in the lower chamber and the humidity outside was 67% RH, so the humidity step was from 97% RH to 67% RH.
The recovery time is an important parameter of the humidity sensor. It is defined as the time for the output to reach 90% of its final value as the humidity step drops. As shown in Figure 8 , the recovery time of the microcantilever piezoresistive humidity sensor was 85 s at room temperature (25˝C). In Figure 8 , there were some fluctuations in the curve. The fluctuations may have resulted from the shock of the sensor in the pull-up process. To improve the transient property of the sensor, a thinner humidity-sensitive layer could be applied, but the sensitivity of the sensor will be degraded at the same time, so a tradeoff between the time constant and the sensitivity is needed.
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Conclusions
A microcantilever piezoresistive humidity sensor was presented in this paper. The sensor was surface micromachining fabricated by a CMOS MEMS process. Both pre-CMOS technology and post-CMOS technology were used in the fabrication process. Compared with a bulk fabricated microcantilever piezoresistive humidity sensor, the machining precision was improved and the structure was more compact.
A package of the humidity sensor was designed and fabricated. To characterize the performance of the humidity sensor, both static and transient tests were performed. According to the test results, the sensitivity of the sensor was 7 mV/%RH and the linearity of the sensor was 1.9% at 20 °C. Both the sensitivity and linearity were not sensitive to the temperature. However, the 
A package of the humidity sensor was designed and fabricated. To characterize the performance of the humidity sensor, both static and transient tests were performed. According to the test results, the sensitivity of the sensor was 7 mV/%RH and the linearity of the sensor was 1.9% at 20˝C. Both the sensitivity and linearity were not sensitive to the temperature. However, the hysteresis of the humidity sensor decreased from 3.2% RH to 1.9% RH as the temperature increased from 10 to 40˝C. The recovery time of the sensor was 85 s at room temperature (25˝C).
Because of thermal stresses, the curve of the output voltage shifted with the temperature. The work in the future will focus on the temperature drift compensation and stress optimization of the structure.
